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ABSTRACT 


The use of a long Beverage receiving antenna for wildlife 
telemetry is investigated. The antenna consists of long wires 
(0.8 miles) spanned at several heights above the ground, in both 
double-wire and ground-return configurations. Theoretical expressions 
are developed for losses along the antenna and for the signal coupled 
to the line from a small radiating loop used to simulate a radio- 
tagged animal. Experimental measurements made at frequencies of 29, 51 
and 95 MHz on the Beverage antenna are compared both theoretically and 
experimentally with the signal received on an omnidirectional ground- 
plane antenna for the same frequencies and heights of 8, 22 and 38 
feet. Good agreement between the theoretical and experimental results 
is achieved. It is shown that the Beverage antenna provides larger 
Signals out to a distance that is dependent on the height of both 
antennas. However, in many low-power telemetry applications this cross- 
over point occurs well beyond the limiting range of the tower-mounted 
antenna and in such cases the Beverage antenna can significantly 


increase the system's range. 


Although the signal coupled to the Beverage antenna decreases 
rapidly with distance from the wire, a grid of such wires can provide 
satisfactory coverage. Moreover, it is shown that the position of 
the loop antenna can be accurately located within this grid by 
measuring signals on the various wires of the grid. The wire-grid 
system is, however, only economical when small areas have to be 


covered; the increasing number of wires will rapidly outweigh the 
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investment necessary to locate a transmitter using triangulation from 


two or more directional tower-mounted antennas. 
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CHAPTER I 


INTRODUCTION 


The use of radio telemetry to obtain information about 
animals in their natural state began in 1957 with the monitoring of 
the temperature of a penguin egg [1]. Since that time the tech- 
niques used in the tracking of toads, rabbits, eagles, deer, wolves, 
grizzly bears, etc. have become common knowledge. However, improve- 
ments regarding the reliability, cost, location techniques, and the 
monitoring of certain bodily functions offer a wide area of possible 


involvement. 


One of the most critical links in the telemetering problem 
is the radio transmitter carried by the animal under observation. The 
transmitter has to be constructed so that the animal transporting it 
is not disturbed or restricted in its movements. Usually each specific 
case requires special equipment designed for a certain assignment and 
animal to obtain the desired data. For practical battery weights, the 
range and lifetime of the telemetry link are usually severely limited, 
even when the transmitter lifetime has been increased by intermittent 


transmission of signals. 


The transmitting antenna has to be designed for the specific 
animal carrying it. Short, straight wire antennas have shown advantages 
for use in bird-tracking, whereas, loop antennas are mainly utilized 
on mammals. In the latter, a collar antenna with attached transmitter 
pack seems to be most practical [2, 3, 4]. The diameter of the loop 


depends on the kind of animal, but is normally small compared to a wave- 
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length. When such a loop is mounted around the neck of an animal, 
the radiation efficiency is usually less than one percent. This 
poor radiation efficiency and battery-pack weight restrictions severely 


limit the range of the telemetry link. 


Another factor affecting the peti monitoring system is 
the nature of wave propagation. Wave propagation can be influenced by 
the frequency used, the medium of transmission, and the height of the 
receiving antenna. Frequencies from 100 KHz to 300 MHz have been used 
in actual field tests [1, 2]. The observation of an animal has to be 
done in its natural habitat and whatever uncertainties exist, due to 


the specific environment, have to be accepted in general. 


Receivers used for wildlife telemetry usually incorporate 
very limited bandwidth and low noise preamplification in order to obtain 
acceptable signal to noise ratios. Although it has been found 
advantageous to use portable receivers with attached loop antennas for 
close-range field work, the receiver is usually in a fixed location 
with rather elaborate receiving antenna systems. To compensate for the 
low efficiency of the radiating antenna, it has been found necessary in 
most cases to use elevated receiving antennas. Towers (50 to 150 
feet high) are necessary just to obtain sufficient signal for ranges 
a the order of one mile. Typically a receiving antenna system will 
consist of two or more highly directional antennas mounted on high 
towers in such a way that they may be rotated from a remote location. 
The transmitter position can then be obtained by triangulation. It is 


obvious that such antenna installations as shown in Figure 1 can be quite 
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costly. 


The present study investigates the theoretical and experi- 
mental behavior of a long Beverage antenna as an alternative to the 
complex tower installations. The antenna investigated consists of a 
long horizontal wire terminated in its characteristic impedance. The 
transmitter consists of an oscillator feeding a small loop antenna, 


which induces a signal into the free-hanging wire aS shown in Figure 2. 


In Chapter II, theoretical expressions are developed for 
losses along the antenna and for the amount of signal coupled to the 
line from the small radiating loop. Experimental measurements made 
at frequencies of 29, 51, and 95 MHz, and for several wire heights, 
show good agreement with the theoretically predicted signal strength. 


The experimental investigation is described in detail in Chapter III. 


Although the signal coupled to the Beverage antenna de- 
creases rapidly with distance from the antenna, a grid of such wires 
is shown to provide satisfactory coverage. Moreover, it is found that 
the position of the radiating loop can be accurately located within 


this grid by measuring signals on the various grid wires. 


In order to assess the merits of the Beverage antenna system 
relative to more conventional antennas, a theoretical study (supported 
by experimental measurements) is made in Chapter IV, of an omnidirection- 
al antenna mounted on a tower. The relative performance of the two 
systems is discussed in Chapter V. It is shown that the Beverage 
antenna provides larger signals out to some distance, which depends on 


the height of both antennas. Beyond this range the tower antenna 
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provides greater signals. However, in many low power telemetry 
applications this crossover point occurs well beyond the limiting 
range of the tower antenna, and in such cases the Beverage antenna 


can significantly increase the system's range. 


Possible applications are also discussed, and include 
monitoring the activity of small rodents such as rabbits, ground 
Squirrels, mice and lemmings whose mobility is usually confined 


to a rather small area. 
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Plate 1. Ground-Plane Antenna for 29 MHz at 8.1 foot height 
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Plate 2. Ground-Plane Antenna for 51 MHz at 38.8 foot height 
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Plate 3. Loop Antenna on Wooden Rails Transmitting to 
Single-Wire Line (Beverage Antenna) 


Plate 4. 100 by 100 foot Wire-Grid System 


CHAPTER II 


THEORETICAL DEVELOPMENT OF THE BEVERAGE RECEIVING SYSTEM 


2.1 Background 


The Wave or Beverage antenna was developed as a receiving 
antenna for transatlantic radio communication in the low and medium 
frequency range. In its elementary form the wave antenna consists of 
a single, straight horizontal conductor supported several feet above 
the ground and in the order of one wave length long. The wire is aligned 
parallel to the direction of propagation of the incoming signal. Bine 
receiver is located at the end farthest from the sending station, | 
while the end nearest the sending station is grounded through a resis- 
tance of a value such as to establish a travelling wave current dis- 
tribution along the wire. The first work with such horizontal antennas 
appears to have been done in the pioneer days of radio by Marconi, 


Braun and Secher [5]. 


As suggested in Chapter I, it 1S proposed that the Beverage 
antenna, used singly or as part of a grid, can be employed as a 
receiving antenna for monitoring radio-tagged animals. In such 
applications the frequencies used will generally be much higher than 
is common for a Beverage antenna, which results in a greater overall 
length of receiving system in terms of wave length. Two possible 


basic configurations are shown in Figures 3 and 4. 


In this application the Beverage antenna can be considered 
to act like a transmission line, locally excited by the radiating loop 


antenna. Indeed, when the receiver and the terminating resistance 
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are properly matched to the characteristic impedance of the line, 
energy coupled from the loop will be conveyed without reflection to 
the receiver. However, as the signal travels towards the receiver it 
will be sign’ ficantly attenuated by the Ohmic loss in the wire and 

in the ground. In addition it can be expected that some energy will 
be lost through reradiation from the Beverage antenna. The theoretical 
behavior of this receiving system can be treated conveniently by first 
calculating the magnitude of the received voltage in the absence of 
any loss along the line. The attenuation factor for the Beverage 
antenna can be obtained separately and the magnitude of the actual 
received voltage can be expressed with sufficient accuracy as 


[Vel = aM eiiae > (2.31.) 


4 
where |V,| is the rms value of the actual received voltage, 
ind is the rms value of the received voltage when no loss is 
experienced, 
a is the attenuation factor of the antenna, 
z is the distance between the transmitter and the receiver as 


indicated in Figures 3 and 4. 


In Section 2.3, a simple expression for [VOI is developed, 
using a quasi-static approach that expresses the voltage in terms of 
the mutual inductance between the loop and the antenna, the character- 
istic impedance of the line, and the power delivered to the terminals 


of the transmitting loop. The expressions for the characteristic 
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impedance of the single and double-wire lines are derived separately 
in Section 2.2. The decrease in received voltage with increasing 


lateral distance, y, is investigated in Section 2.4. 


The problem of the attenuation of a long wire over ground 
carrying a high-frequency signal has been discussed numerous times 


in the literature [5 to 20]. Theoretical and practical results have 


been obtained with sufficient accuracy for engineering design. However, 


with one exception, the published results have not established the 
functional dependence of a on the ground constants, the frequency, 
the height of the wire above ground and the wire diameter. The 
attenuation factor must be evaluated by lengthy numerical integrations 
for specific examples. Only the work of Knight [11] has led to a 


closed form expression for a. 


In Section 2.5 an analogous but much simpler expression for 
a iS derived in an entirely different manner. The approach is based 
On a direct calculation of the power absorbed in the ground and 
appears valid up to frequencies between 50 MHz and 100 MHz. Values 
of a calculated from this expression agree closely with Knight's 
results over a wide range of ground and antenna parameters. The 
power losses in the wire itself and in the dielectric coating on the 


wire are also calculated in Section 2.5. 


In addition the method has been employed to calculate a 
for two parallel wires supported above ground, and it is shown that 
the attenuation is much less than for the single wire with a ground 


return. 
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2.2 The Line Impedance 


For the general case of a transmission line with loss, the 


characteristic impedance is known to be 


‘OR LIMITGR es 
ied eeeven Tre ae 


where R = series resistance per unit length 
G = shunt conductance per unit length 
L = distributed inductance per unit length 
C = distributed capacitance per unit length 
w = 2 a frequency 


However, as will be seen from the experimental results in Chapter III, 
the power loss per unit length along the Beverage antenna is small 


in which case, 


R<<wL 
G<<wC 
and 
be F 
i =Ve ; (763) 


In the following sections values of L, C, and Ly for both the single 
and the double-wire lines will be derived assuming the ground acts as 
a perfect conducting plane. Although somewhat empirical, it will be 
shown in Chapter III, that this treatment of the ground produces 
results which are in satisfactory agreement with the experiment. 
Actually, a study of electromagnetic plane waves reflected from a 


ground surface with loss, shows that over a wide range of ground 
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constants the surface acts much like a perfect conductor at all 
frequencies [21]. Only for very dry rocky terrain will the perfect 
conductor approximation be unacceptable. However, even in this 


case the approximation is valid at frequencies below a few megahertz. 


2.2.1 .he Single-Line Impedance 


As seen in Figure 5 the wire above ground will produce 
an image below the ground surface carrying a current of opposite 
polarity. The wire and its image together can now be treated as a 


transmission line with a conductor spacing of twice the wire height. 


Referring to Figure 5, the magnetic fields B. and B. caused 
by the current in the wire and its image give rise to a total magnetic 
flux, Vee threading the area A above the ground, which in turn equals 


the product of the current and the inductance per unit length. Thus, 


by ete ‘i (BeacteBen es msdn v4. (2.4) 


From the Biot-Savart Law the components of Be and B., normal to 


the area A, at a distance r from the wire become 


Bon = Ho! | (2.5) 
Cc eur ; 
and 
Bot ol 
Bien = Pa(oh-r) (2.6) 
where up. is the permeability of free space. The resulting magnetic 
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flux due to current in the conductor is 
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Single Wire and Image 
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Hee 
a O 
The integrated result will, assuming the wire diameter to be negligible 


compared to the wire height, yield the total flux of 


u_I 
v= pe in (207) 
Thus, employing equation (2.4), it follows that 
U 
0 2h 
DRE os In Aas (2.8) 


is the line inductance per unit length of the line. 


In a similar manner it is possible to determine the 


capacitance of the assumed transmission line. 


Consider q_ the charge of the line per unit length. Then 


the electric field around the wire is given by Gauss's Law as 


Bemiss igat= (2.9) 


and is directed radially away from the wire, eg is the permittivity 
of free space. Hence, the potential difference between the conductor 


and the ground due to this charge on the wire can be expressed as 
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The image charge also contributes to the potential difference between 


the conductor and the ground, with the result that, 


, a 
ek Pregtancry (2 
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The voltage between the single wire and the ground is the 
sum of the two contributions of potential difference due to the 


charge on the wire and its image. 


Employing the same integration and approximations as uSed 


to obtain equation (2.7), 
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is the transmission line capacitance per unit length. 
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The required characteristic impedance, ne of the single 


wire line can therefore be easily obtained by using equation (2.3), 


which yields 
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2.2.2 The Double-Line, Impedance 


For the case of the double-wire antenna as shown in Figure 
6, the derivation of the characteristic line impedance is executed 
in a similar way as in the previous section for the single-wire line. 
However, it can be seen that in this situation the geometrical con- 


figuration consists of four current lines - two wires and two images. 


The total magnetic flux, linking the area A of unit 
length, can be expressed as the sum of the fluxes produced individual- 
ly by each wire and its associated image. The appropriate fluxes 
can be obtained, by analogy, from equations De and (2, 6b) | Thus, 

Y ine “IS gen ney 2a. ean a Hee 
The contributions of the two image currents are equal as well and are 
given by 


Lol 


YAmagel’ “Smage’2? b> one Ue 2 i (2. 15b) 


The inductance of the parallel wire pair, L, 5» is thus obtained 


as 

Li? Las Ytotal 2V1 ine ‘i 2 image (2.16) 
Hence, 

+5 
u 
Ve Pe Se foi al (2.17) 
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The line capacitance per unit length can be developed in 
an analogous manner. Again, q is the charge of the line segment of 
unit length and the electric field surrounding a wire is given by 
equation (2.9). The contribution to the electrical potential 
between wire one and two due to the charges on the two wires is, by 


analogy to equations (2.10a) and (2.10b), 


A lahat ee éd 
i Sate a ie (2.18a) 


The images will produce a similar pair of equal contributions of 
potential given by 


ay 2 aC 
. ae i 219 ed 
Summing these contributions to find the total voltage and then using 


equation (2.12), the line capacitance becomes 


a fe) 
C, i = ae aaa (2.19) 
lie (F) 


per unit length of the double-wire line. 


Hence, by equation (2.3), 
4 
2d ] 
ZOb= 1420 Tn | a (2.20) 
O a je dy 2 


for the double-wire line above ground. 
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2.3 Loop to Wire Coupling 


As pointed out in Chapter I, the transmitting antenna 
consists of a loop of small diameter. The question arises, how much 
signal power is coupled from the transmitter loop to the wire line 
illustrated in Figures 3 and 4? The purpose of this section is to 
derive an expression for the voltage across the receiver in terms 
of the power delivered to the Heep terminals for the case where the 


transmission line is without loss. 


One way of approaching the coupling problem is to treat 
the loop and the Beverage antenna system in terms of the equivalent 
circuit shown in Figure 7. Terminal plane O represents the input 
to the receiver and terminal plane i represents the input to the 
wire at the loop - wire coupling point, while the terminal plane T 
represents the input to the transmitting loop antenna. It will be 
assumed in the following derivation that the receiver is matched to 
the transmission line and that the terminating impedance on the 


Beverage antenna equals the characteristic impedance of the line. 


The first step in the derivation will be to find the 
parameters of the equivalent circuit. They may be found in a straight 
forward manner by suitable open-circuit measurements at the receiver 


and the loop terminal planes. 


The parameter Z, 


Consider setting I, = 0. Then, referring to Figure 7, 


the equivalent generator a-I, is zero, and the impedance presented 
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at the receiver terminals is simply that of a section of transmission 


line of length z, terminated in the impedance Z,. Thus 


V Pe de te Atany KZa) 
r a. Re 4 72 er kz)? (2.21a) 
0 a ) ] 


where, k = wY L C., is the propagation constant for the transmission 


line without loss. 


Alternatively, it is possible to calculate the input 
impedance of the Beverage antenna directly when the loop current is 
zero. In this case, the small perturbing effect of the loop on the 
transmission line can be ignored since the loop is small compared to 
both 2» “and ivh. Thus, on the actual antenna Ve and i represent 


the voltage and current on a lossless transmission line terminated in 


its characteristic impedance. In other words, 


- ei on. (2.21b) 
O 


jp eae (oN 


The parameter b 


Also, when I, = 0, it is possible to show that the ratio of 


the open-circuit voltage at the loop to the current at the receiving 
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terminal is given by 


V 
a iy rh (2.23a) 
~O 


However, in this case, the transmission line currents, i and I. 


are related as 


Dae 
T= 1. cos kz 4 j et sin kz, (2.23b) 
0 1 Ly 
with the result that 
V ayy 
T O 
i 78 708 KZ+jZ, S81n kz (2.23c) 
0 _ 0 ] 
I = 0 
Since, from equation (2.22), Z, = Less this expression reduces to 
V ; 
— Stent Ks (2.23d) 
) 
I, = 0 


However, the open-circuit voltage induced in the loop by 
currents in the Beverage antenna can easily be determined from 


Faraday's Law as 


Vy jo =) ws iF ; (een) 


y is the magnetic flux linking the loop as the result of the current, 


I.; flowing on the transmission line adjacent to the loop. M is the 
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mutual inductance between the loop and the line. (A similar result 
for the voltage in a small loop has been used by Saha [22] to study 
the radio interference of overhead transmission lines.). The current 
I., adjacent to the loop, is related to the receiving terminal current 


as 
Io 


is -j kz 
I, I, e : (22 5u) 
if the perturbing effect of the open-circuited loop is ignored. 
Hence, equation (2.23d) may also be expressed as 
V : 
=jame (2.26) 
) 
I, = 0 
Equating (2.23d) and (2.26) the parameter, b, becomes 
Dies uel. (20270 


The parameter a 


To determine a _, consider the voltage V; (indicated in 
Figure 7) when I, = 0 and the loop is driven by a current I. 
Since the open-circuited receiver terminals reflect an impedance of 


- j Z,cat kz at terminal plane i , V. can be expressed as 


a Ly cot kz 
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Recognizing that V. is related to the open-circuit voltage at the 


receiver terminals as 


V. = Ve COSe Ke 7a. 


the ratio of open-circuit voltage to current in the loop can be 


written as 


J Lo COULKZ '< 2a 
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Now, the Reciprocity Theorem requires that 
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Hence, from equations (2.26) and (2.29b), 


a= juM 


The parameter Ly 


On the basis of the equivalent circuit of 


Figure 7, 


Z 


2 


(2.28b) 


(2.29a) 


(2.29b) 


(2429¢) 


(2430) 


1s 


vy vn 
SA Sears 
as © 

' 7 


a 


.— a ie - = : 
ont +5 spss! ov tfuott>=nago’ Sid “bss ce a 
— — 7 i= 


5 ae a, ~~ 
(d8S..8) “a 200 V's = ov 
th bane : 7, 
wy 
ed aso qool sit nt tnetwo of speslov Siwatio=ne 
6» si foo SS £ 
o} etic ep picanaeh a TN 
as $3 209 (sd doo SE - -S) ade! 
v ase O mf 
F 99d atnenottele td? 
§.§) - ar 5 = ; 
j= 
7 
. ; : rn ft. 
jst 2oxfupoy movosdT yt ToorgtasA say 
= 3» 
» 7 : 
{ ) ee 
a 
{ es iS 6 3 = a 7 
aS. # 
” 


7s ) _— 


. (d8S.$) bre (aS. - snotaeupe mort 


alee a 


; } Ae c f 
wait sm ‘sviups: sa Yo rbaeaper nc 


i re 
r é ' 


the input impedance of the loop when the current I, = 0% in 


practice I. can be set to zero by breaking the transmission line 


adjacent to the loop. In this case, provided the loop is small compared 


to dr» and h_ , a satisfactory approximation for Ly is simply 


7 (2531) 


209 ZA oop 


Z is the input impedance of the loop in the absence of the wire. 


loop 
During the course of the experimental measurements, it was found that 
the input impedance of the loop did not change significantly in the 


presence of the wire. 


It is now possible to calculate \G in terms of the power 
delivered to the loop. Referring to Figure 7 the loop voltage can be 


written as 


a a 


quly4 


ee b I, ’ (Re) 


Or using equations (2.27) and (2.31), 


V aL M Gee (2.33) 


ais a Joop 
When the receiver is matched to the wire line, the voltage and current 


at the terminal plane ji are related as 


ae en ee (2.34) 


The negative sign arises from the assumed positive direction for I. 
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Thus, from Figure 7, 


Wea el een ie (2595) 
Making use of equation (2.22) and (2.30), 
JuMI, 
I. eee : (2236) 
0 
Substituting for I. in equation (2.33), 
(uM)* 1, 


Now multiply both sides of this equation by the complex conjugate 


of I... Thus , 
2 
oo ae 2 


* 
When V+ and I, are expressed as rms quantities, the power delivered 


to the loop is 


' * 
P = Real [V+ IF] . (2.39) 


loop 


Hence, from equations (2.38) and (2.39), 
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B 2 (uM) 
Poop ~ T7| | oop h Ae. | ont) 
where Roop is the resistive portion of the loop-input impedance. 


From equation (2.36), 
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Now since the receiver iS matched to the line, 


| 
[ies ama (2.42) 
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Thus, equation (2.41) becomes 


(2643)} 


Pamat ly, 


P 
Via$ seer OON (2.44) 


R (wM)* 


loop ae. 


where ve is the rms voltage across the wire line at the receiver 


end. 

Usually it 1s necessary to transform the actual receiver 
impedance in order to match the line, in which case the actual volt- 
age measured on the receiver will differ from Ve . Indeed, when 
the line is matched the measured voltage, Us eS 


Vis V (2.45) 


where Zp is the input impedance of the receiver. Then equation (2.44) 


becomes 
yey = aft ZR loop (2.46) 
0) 2 2 
Zz (R (wM)~ 
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O ]oop a 


The above derivation is equally valid for single and 
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double-wire Beverage antennas provided the appropriate values of a 


and M are uSed. 


2.3.1 The Mutual Inductance between Loop and Single-Wire Line 


Referring to Figure 8, when the loop is small compared to 
h and 2d» , the magnetic field, produced by a current I in the wire, 
can be assumed to be uniform across the loop area and of magnitude 


equal to the field strength at the ground surface. 


It follows from the Biot-Savart Law that the component of 
the magnetic field normal to the loop and hence tangent to the ground 


iS 


In this case the magnetic flux threading the loop is approximately 


vy = B+ (area of the loop) 


Uo bare 
eo (area of the loop) (2.48) 
m(h+y" ) 
since 
CcOS8 = gays : (2.49) 
Reve 


From w=M-I  , the mutual inductance between the loop and the wire 


becomes 


_— => -~=O((area of the loop) . (2.50) 
M = (hety*) 
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Note that with the above approximations, the value of the mutual 
inductance is independent of the shape of the loop. For the 


circular-loop antenna used in this work, 


2 
y= 208 Soop (2.51) 
4 (h@+y*) 


2.3.2 The Mutual Inductance between Loop and Double-Wire Line 

For the example of the double-wire line, the magnetic 
field may be visualized as in Figure 9. From the Biot-Savart Law 
and the geometry shown, the magnetic fields caused by line 1 and 
image 1 are additive. They produce together at point Y a value of 


vA 


Peis 
BY ae Re cos 6, . (2.520) 


Similarly, line 2 and image 2 give rise to a magnetic field of 


opposite sign, namely, 


ee oO . 
BL, = = COS 05 . | (2.52b) 


Substituting for R, » 9) > Ry » 95 > the\totall field at 


normal to the loop, is 


Ho 4 ed h y 


B Fan a et ee Pe ee 
Yor fhe +Hly-dielihe + (y+ ave 


(2°53) 


Assuming again that the magnetic field is uniform over the smal] 


loop area on the ground, so that 


= | ae cr BY (area of the loop) , (2.54) 
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the mutual inductance becomes 


2 
Caney od 
and 3 0 loop (2.55) 


2 Z 
pa aa ee rep ot itn Sey eepeen 
for the double-wire line. 


2.4 Signal Dependence on Orientation and Lateral Displacement 


Equations (2.46), (2.51), and (2.55) describe how the loop- 
wire coupling changes as the loop is positioned at various distances 
and orientations from the overhead wire line. When wM<< 2 Za , 
the induced voltage in the wire can be seen, from equation (2.46), to 
be directly proportional to M . This inequality is true for the 
loop dimensions and frequencies used in this study. Thus,the rate 
at which the coupled signal decreases with increasing lateral 


displacement of the loop can be expressed as 


: L Siete (2.56) 


For the double-wire line it is convenient to take the ratio as 


V.(y) Dina 2 2 
0 - Wy) _y he [ho + 4 5] ne 
Holst), MysO) haine + (yd)oIthe + (y+d)o] ae 


Experimental verification of equations (2.56) and (2.57) will be 


presented in Chapter III. 


2.5 Attenuation along the Wire Line 


Although the Beverage antenna, seen as a transmission line, 
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is considered of low loss, certain attenuation factors cannot be 


neglected and shall be described in the following. 


As a first approximation, the major effect of small but 
finite losses is to introduce an exponential multiplier to the express- 
ions for voltage and current in the lossless case [23]. Thus, in the 


presence of loss, the line voltage and current are given by 


venereal 2 (2.58) 
and 


ee ez ea Jkz 


(2.59) 


where V. and 1. are as defined in Figure 7 and Figure 10. 
z is the distance along the line from the loop antenna towards the 


receiver. a is the attenuation factor in nepers per meter. 


The average power transferred along the line is thus 


ia * 
Real W-1l \2 e ©°” Real foal (2.60a) 


-o 
i 


or 


(2.60b) 


“5 
I 
ht 


since the wire line is matched. 


The rate of decrease of this average power with distance 
along the line must correspond to the average power loss in the line 


per unit length, Pe Seem nUce 


Z (2.6.1) 
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and 
P 
a = + ene 4 (2.62) 
2Z 11, | 
Since P, will depend on z , as e292 this expression will] be 
independent of z . The problem of finding «a thus reduces to 


finding the power losses per unit length at any distance z along 

the line. The most significant contribution to the attenuation factor 
arises from the losses related to the induced ground currents below 
the line. In addition, materials utilized in the insulated wire line 
will contribute conductor and dielectric losses. The radiation loss 
from the wire has been shown to be negligible compared to the other 


tosses 7 to 10). 


The power losses per unit length from each of these sources 
are additive with the result that the attenuation factor can be evaluated 


as 


“total “ground * “conductor * “dielectric (2.63) 


2.5.1 Ground Loss along the Wire Line 


As previously pointed out, the ground behaves much like a 
good conductor over a wide range of ground constants and frequencies. 
In such cases, the magnetic field tangential to the surface of the 
ground is nearly the same as the field that would exist if the ground 
were perfectly conducting. The small component of electric field 
tangential to the ground, which would be identically zero for a per- 
fect conductor, can then be estimated from this ideal value of the 


magnetic field as [24] 
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E+ang ~ "q Heang ? (2.64) 
where Aang is obtained from equations (2.47) for the single- 
wire line or from equation (2.53) for the double-wire line. The 
characteristic impedance of the ground, Ng? is given by 

jwu 
2 O 
ave ae (2.65) 
g °c ee 


where Eq is the permittivity of the ground and oq is the conductiv- 


ity of the ground. It has also been assumed that the ground is non- 


magnetic and hence that unas wae Equation (2.64) is valid provided 
[24] 
1 Seale (2.66) 
i i a a 
Fe EO 


This inequality is satisfied for most ground conditions at all fre- 
quencies, and for rocky or sandy soils at frequencies below a few 


megacycles [21]. 


Using Poynting's Theorem it is now possible to estimate 
the power lost to the shaded ground area per unit length, shown in 


Figure 10, as 


co 


=R iz A, d 2.6 
Pia Read | ( He fang? Weer (2267) 
where E tang and He ang are taken to be rms_ phasors. Thus from 


equation (2.64), 
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For a single wire along a perfectly conducting ground, 


MHEG can be obtained from equation (2.47) as 
ten 
H, =H oS s (2.69) 
y tang z (no+y*) 
where I iS now interpreted as the current in the wire line at the 
position z . Thus, in terms of the current I. the field is written 
as 
In eZ e JKz h 
H ee 210) 
tang i (no+y?) 
Substituting this value of Haan in equation (2.68) will 
result in 


fore) fone ne en e02 
P, = Real n il — a | Ay (2670) 
L g we (hety2)° 


=0O 


Changing the variables will yield, with the aid of Figure 8, 


and 


also 


y = h tan 6 
dy = h do 
cos 6 
cos 6 = Mado 
EY. 
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Hence, equation (2.71) becomes 


T 
2 -2aZ 2 
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P, = Real n og COSin0 wdc; (2.72) 
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TT 
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which may be integrated to yield é 
bak’ e602 
Pe = ro aeaLe Real "g ; (2.73) 


Thus, from equations (2.62) and (2.73), the contribution to the 
attenuation from the ground losses for the Single wire becomes 
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It is interesting to note that Knight [11], using a 
generalization of the Compensation Theorem, states that to first 


order, 


n 
a = Real | Seige (1 - j See ) | : 
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which reduces to exactly equation (2.74) when 
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Equation (2.74) also agrees well with the numerical results of 


Kikuchi [15, 16]. Only a partial comparison is possible because of the 
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lack of data provided. Kikuchi plots attenuation against frequency for 
a wire height of 5 eve for the case % = 0.0] mhos/meter and 
Eq = 10 Ey ° The radius of the wire is given aS a=2.5 mm _ . This 
graph is reproduced in Figure 11 along with a curve of attenuation 
versus frequency calculated from equation (2.74). There is close 
agreement at lower frequencies but between 10 MHz and 200 MHz, 
Kikuchi predicts a drop in attenuation, while equation (2.74) indicates 
a continued increase. Kikuchi demonstrates that this reduction in the 
attenuation is associated with a gradual transition from a transmission 
line mode of propagation along the wire to a surface wave, dissociated 
from the ground, and guided by the wire. The behaviour of the attenuation 
for this surface wave can be determined by the theory of Sonmmerfeldt - 
Gobau. The respective curve, in Figure 11, was adopted from Kikuchi's 
work. Kikuchi's results also indicate that the transition takes place 
at increasingly higher frequencies as the wire height is decreased. 
Indeed it seems that provided hs<a/4 , the transmission line mode 
dominates and equation (2.74) can be expected to yield satisfactory 
results for the attenuation along the line. For the wire heights used 
in the experimental study in Chapter III, equation (2.74) should be 
valid up to about 50 MHz. The experimental results in Chapter III are 
consistent with Kikuchi's predicted decrease in attenuation at 


sufficiently high frequencies. 


The method of the evaluation of Xg for the double line is 


very similar to the previous derivation. However, the value of Heang 


is obtained from equation (2.53) and is substituted into equation (2.68), 
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Figure 11. Attenuation versus Frequency 
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Thus, from equations (2.62) and (2.75), 
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(2.70) 
for the attenuation factor caused by the ground loss under the double- 
wire line. No closed form solution was found for this integral and 
the expression is evaluated numerically for comparison with the 


experimental results in Chapter II]. 


2.5.2 Conductor Loss along the Wire Line 


The ohmic loss in the conductor itself also contributes to 
the attenuation of the signal along the Beverage antenna. This 


loss is given simply as 


P= eRe (2277) 


where R_ is the resistance of the line per unit length and I is 
the current at some distance z along the line. From equation (2.59), 


P, may be written as 
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Thus, using equation (2.62), the contribution to the attenuation 


from conductor losses becomes 


rR 
OL he 22, : (2.79) 


For good conductors the flow of current is confined to within 
approximately the first skin depth, where in terms of Oo, the 


conductivity of the conductor, the skin depth is 


a 2 
6 = ere i 6 ; (2.80) 


Providing 6<<a , the resistance per unit length of the round 


conductor is given approximately by 


WU 
| = 4p ee) (2.81) 


Res on a 6 O. oma 20 


Using equations (2.79) and (2.81), 


Sag (2.82) 


For the double-wire line, there are two such conductors 
and the resulting attenuation will be double the value given by 
equation (2.82). Of course, in this latter case the value of a 


must be taken as that of the double-wire line. 


2.9.3 Dielectric Loss along the Wire Line 
For the insulated wire line, losses occur within the 


dielectric insulation of the wire. The loss per unit length can be 
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calculated as 


2 
PL = oq f einpe.caee, (2.83) 


where oq is the conductivity of the dielectric and E is the 
electric field in the dielectric surrounding the wire. The integrat- 


ion is taken over the volume of the dielectric per unit length. 


A thin coating of dielectric will have little effect on 
the potential between the signal-wire line and the ground. Thus, 
from equation (2.11), the potential at a distance z along the line 


1s 
ee ee ae (2.11) 


However, from Gauss's Law the total electric field close to the 


conductor and within the dielectric coating iS approximately 


ae SS SL eth (2.84) 


r 2% Eq bo 


which is directed radially away from the wire. Eq is the permittivity 
of the dielectric coating. Then, using equations (2.11), (2.58) and 
(2,84), 

es (2.85) 
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The power loss per unit length thus becomes 
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and further 


2 if -202 b 
|= 2m 9, | <2 o} tn Be e n2, (2.86b) 


where b is the outer radius of the coated wire. Then, since 


a 2 ,¢ 
[VI = bel Lo E) (2.87) 


the dielectric attenuation factor of the single-wire line becomes, 


using equations (2.62) and (2.86b), 


eo. eras 
oe 60 1 om | =| —- ; (2.88) 
Use has been made of the fact that for the single-wire line 


is 2h 
Ly = 60 In _ (2-18) 


Similarly, the dielectric attenuation factor for the 
double wire may be calculated. For thin coating the potential is 
approximately the same as obtained from equations (2.18a) and (2.18b). 


Thus, at some distance z along the line, 


1 PB 
pdt 2d ee (2.89) 


TE a h 
for the double-wire line. Again equation (2.84) is valid for the 
electric field near the wires which may be expressed, using equation 


(2.89) as 


Es —1+ : (2.90) 
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The power loss per unit length thus becomes 
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As before, using 
5 
z= 120 nS |—_, ; (2.20) 
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the dielectric attenuation for the double-wire line can be written as 


(2:93) 
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CHAPTER III 


EXPERIMENTAL INVESTIGATION OF THE BEVERAGE RECEIVING SYSTEM 
3.1 Introduction 


| To test the validity of the theoretical derivations 
developed in Chapter II, a 4250-foot long Beverage antenna was 
constructed. For this purpose a relatively level location was 
selected at the University of Alberta Farm, Ellerslie, Alberta. 
The area was comparatively free of surrounding obstructions, such as 
buildings, wire fences and nearby roads with heavy car traffic. 
Thus, unwanted reflections as well as electrical interference were 


minimal. 


The operating frequencies were chosen to be 29, 51, and 
95 MHz. These values were selected in order to cause negligible 
interference with commercially used frequencies, and at the same 
time to provide a spread of values around frequencies already in use 
in actual bio-telemetric tracking experiments conducted by the 


Department of Electrical Engineering at the University of Alberta. 


The noise interference within the planned band of fre- 
quencies depends on the location and the time of day, and may be the 
result of atmospheric static, man-made noise, cosmic noise or circuit 


noise. 


The man-made noise is caused primarily by the operation of 
electrical switches, as for example ignition noise, and is usually 


the controlling factor at frequencies between 10 and 400 MHz in urban 
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areas. Radio transmission in this frequency range is primarily 
tropospheric and man-made noise is relatively unimportant beyond 10 
to 20 miles from the source. Thus, interference from the nearby city 


of Edmonton was not an important factor. 


In rural areas, such as the farm, the controlling factor 
can either be circuit noise or cosmic noise. Cosmic and solar noise 
represent thermal interference of extraterrestrial origin. Its 
practical importance as a limitation on communication circuits seems 
to be in the 20 to 80 MHz range, and hence is of significance for 


this experiment [25]. 


The external noise level and the bandwidth of the calibrated 
selective voltmeter, used for measuring the received power levels, 
determined the required transmitting power. To keep the received 
Signal above the noise at all times, and yet to limit the radiated 
fields to the vicinity of the farm, the transmitter power was set to 


approximately 1 Watt. 


Figure 12 shows the system as used in the actual experiment. 
The construction of the wire antenna consisted of a straight-spanned 
wire (#18 GA multi-strand, copper, PVC insulated), supported at 50 
foot intervals by 2" by 2" wooden poles. The line length was 1imited 
to 4250 feet. Provision was made to adjust the height of the wire 
between 0 and 6 feet. For the double-wire line, a second wire was 


set up at 6 feet distance parallel to the first line. 


The wire line was connected at one end to a receiving 


system (Briiel and Kjaer Heterodyne Voltmeter Type 2006) by means of 
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an impedance matching network. The transformation of the wire 
impedance to the 50 ohms of the measuring instrument avoids signal 


losses due to reflections. 


It was planned to conduct tests at.distances of 500 to 4000 
feet from the receiving end of the wire. Thus, a movable trans- 
mitting apparatus was required. For this purpose, two 12 volt 70 AH 
lead acid batteries were used to power a er inetane inverter (Terado 
Mark II Model 50-132), which in turn provided 115 volt at 60 Hz to 
a tunable high-frequency power amplifier (Hewlett-Packard 230 A, 
Signal Generator Power Amplifier). The latter amplified the signal 
generated by a 12 volt crystal oscillator, whose amplitude was adjust- 


able over a wide range. 


A variable attenuator (Weinschel Engineering Model 905, 
0 - 10 dB) allowed for a fine adjustment of the power, and finally 
the use of a feedthrough power meter (Philco - Sierra 164B, Bi- 
directional Power-monitor) permitted the observation of the signai 
strength, as well as the amount of the reflected power. The power 
fed into the small loop antenna was kept constant during the course of 
the experiment. The loop antenna itself, representing the trans- 
mitting animal, was matched again to the instrumentation impedance 


level of 50 ohms. 


For the actual tests the complete transmitting equipment 
was moved by a car to the required locations along the wire line. The 
loop antenna then was connected to the high-frequency source and 
lined up under the wire for maximum coupling into the line. The use 


of a 50-foot long coaxial cable for the above connection allowed the 
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power amplifier and the vehicle to be stationed sufficiently far 
from the wire line that effects of interference caused by the reflect- 


ing car body were negligible. 


Two or three single measurements were taken at each point 
and recorded at the receiving end of the line. A two-way radio trans- 
mitter allowed for constant consultation between transmitting and 


receiving stations. 


3.2 The Loop Antenna 


3.2.1 The Design 


In order to match the loop antenna to the transmitter out- 
put impedance of 50 ohms, it was necessary to determine the driving- 
point impedance of the loop. This impedance is also required for the 
theoretical determination of the signal coupled to the line which 
was determined in Section 2.3 of Chapter II. The loop impedance has 
in general both resistive and reactive parts. The reactive part arises 
from the surrounding induction fields, because these fields give rise 
to a reactive energy storage in the region surrounding the antenna. 
The resistive part of the input impedance has contributions from al] 
physical mechanisms that give cause to a loss of energy from the 
antenna. The radiated power is the desired loss mechanism, but other 


losses, for example ohmic losses are unavoidable. 


The radiation resistance of the antenna is a fictitious 
resistance which, when substituted for the antenna, will consume the 
Same amount of power that is actually radiated. The radiation re- 


sistance for a balanced-loop antenna in free space is given as [26] 
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A Z 
aie, L 
wee = 31200 | + : C351) 
where A is the area of the loop. Since the current along the 
loop is distributed sinusoidally with a peak opposite the feed 


terminals [27], the radiation resistance referred to the loop input 


terminals becomes 


AL \ 
Ra = Be 31200 | +] 9 (3.2) 
cos 2. A 


where pis the circumference of the loop. 


The reactance of the loop is approximated by an equivalent 
short-circuited transmission line [28] as 
el oth 2 ivehnialsie + (3.3) 
j i = Mita kale ots : 


J XJ oop 


where a is the radius of the tubing used to construct the loop 


and r is the radius of the loop itself. 


Both equations (3.2) and (3.3) are valid only with the 
restriction that the loop diameter is smaller than A/10. In addition, 
it may be noted that for an antenna right above the ground, as planned 
for the experiment, the input impedance must be multiplied by a factor 


of two to account for the image of the antenna. 


The calculated input impedance of the loop antenna, ignoring 
losses, showed a negligible resistance compared to the value of the 
inductance. Nevertheless, the values permitted the estimation of a 
first approximation of the required capacitances to tune out the in- 


ductance of the actual antenna, and at the same time, to match the 
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loop to a 50 ohm line as shown in Figure 13. The series capacitor 
at the top of the loop consisted of a 25 pf adjustable air capacitor. 
A 550 pf adjustable capacitor with plastic insulation was shunted 


across the feeding terminals of the antenna. 


| Initial tuning was accomplished with the aid of a vector 
impedance meter (Hewlett - Packard, Model 4815A). The loop antenna 
proved to have a high. Q_, and the final tuning had to be done on 
the ground under conditions approximately the same as those on the 
University Farm. The capacitors used proved to be quite unstable in 
their set adjustment, which resulted in frequency detuning of the loop. 
As a result, the variable capacitors were replaced by a small coaxial 
cable (RG 174/U Type 50) of 50 ohm impedance cut to a specific 
length, in parallel with a fixed-value mica capacitor. The tuning 
of the loop could be accomplished easily by the trimming of the 
coaxial cable. Final tuning of the loop was conducted with the aid 
of an in-line wattmeter capable of measuring both incident and re- 
flected power. A signal of the required frequency was fed to the loop 
and the matching capacitors, while the reflected power was adjusted 
to a minimum by changing the capacitances in value. Care had to be 
taken, since trimming the cable too short meant repeating the entire 
tuning process. In the actual experiment, the reflected power could 


be dropped to about 1% of the incident power. 


Three separate loops of the same dimensions as shown in 
Figure 14, were constructed and were tuned for 29, 5] and 95 MHz. 


The loops were found to remain matched for the duration of the 
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experiment, though placing the loop at different locations on the 
ground occasionally increased the reflected power by up to three 
percent. An increase of the power delivered towards the loop by an 


equal amount resulted in effectively a constant radiated power. 


32.22 The, Enticiency 


An important parameter of the loop antenna, which un- 
fortunately cannot be calculated with sufficient accuracy because of 
ground losses, is the radiation efficiency. In order to calculate 


this efficiency, which is defined as 


ad = yh = Rye Ri cee TOONS ga IN ounce, (3.4) 
the following experiment was conducted. Ry represents the radiation 
resistance of the loop in the presence of the ground, referred to the 
antenna terminals. Ronee is the sum of the conductor and ground 
losses referred to the antenna terminals. 

Three ditterent antennas were set up aS shown in Figure 15. 
The loop antenna (#1 in Figure 15) consisted of the antenna discussed 
above and was positioned with the direction of maximum gain towards 
the transmitting deonncepiane antenna. The receiving ground-plane 
antenna (#2 in Figure 15) is further discussed in Chapter IV, and for 
the present discussion it is only of importance that its height was 
set to 8.12 feet. Finally, the transmitting antenna consisted of a 


ground-plane antenna located directly on the ground (#3 in Figure 15). 


While the latter antenna was only tuned in an approximate way, both 
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receiving antennas were trimmed by a matching network to 50 ohms, 


the input impedance of the tuned receiving voltmeter. 


By sending a signal from antenna (#3) and keeping the power 
level constant, a comparison of the received signal strength between 
the elevated Hib tae media antenna (#2) and the loop antenna (#1) 
could be obtained. Since the ground-plane antenna (#2) and the 
associated matching network can be approximated with an efficiency of 
close to 100%, an estimation of the radiation efficiency of the loop 
antenna (#1) was possible. It should be pointed out that the above 
efficiency prediction for the ground-plane antenna will be justified in 


Chapter IV. 


For the evaluation of the efficiency, results from Appendix 
A will be employed. Equation (A.51) gives the ratio of the received 


to the transmitted power of two antennas as 


no AEH 


where all elements of the equation are explained in detail in 
Appendix A. Equation (3.5) is valid when one antenna is at ground 
level while the other is elevated. In Appendix A it was assumed that 
the antenna labelled with a subscript "2" was elevated at a height 


h If both antennas are at ground level, that is, h=0, equation 


Z 
(3.5) can still be applied. 


Two transmission cases may be discussed; firstly, ground- 


plane antenna (#3) to ground-plane antenna (#2); and secondly, ground- 
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plane antenna (#3) to loop antenna (#1). It is possible to form the 
ratio of the power received by the loop antenna (#1) to the power 


received by the ground-plane antenna (#2). 


All variables associated with the transmitting antenna 
(#3), as well as the transmitting distance will cancel out, leaving 


the result as 


| ennd ae 
Pex toop _ 21 "1 Bir Rag Heh yho~d Mo VT (3.6) 
Prx grap? 92 "2 8a 822 | (hgh, -3 ne) |* 


where the subscripts now refer to the antennas as labelled in Figure 15. 


The following approximate values may be used: 


Gain : gy = oD ac] 5 
Efficiency : No = ] 
R R 
Impedance ratio : —= 1 and pees 
A2 Al 


The ground-plane antenna (#2) is located sufficiently far above ground 
that the effect of the ground on the input impedance is negligible. 
The loop antenna, however, rests directly on the ground and the 
resulting image current in the ground has the effect of doubling the 


radiation resistance. 


Physical height : h 0 
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ho 82 l2areet 


Making use of the above designations results in 
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The received signal voltage ratio N was measured in the actual 
experiment, and so ny > the power efficiency, can be approximated 


from 


2N*|ho(ho-§ ho) Io 
ihe ais (3.8) 
. Ih 

O 


It can be shown that the law of reciprocity may be applied 
for receiving and transmitting from the same antenna at the same 
frequency. The more efficient the antenna is for transmitting, the 
more effective it will also be for receiving. Directivity and gain 
properties will be the same for both cases. Also, impedance will like- 
wise be identical, whether the energy is fed directly to an antenna 
from the transmitter or whether it is picked up from passing waves of 
the same frequency. This property of reciprocity will permit the use 
of equation (3.8) to calculate the transmitting efficiency of the loop 


even though equation (3.8) was developed as the receiving efficiency. 


For the three employed frequencies, the experimental values 


of Ng were determined as 


29 MHz N¢ = 0.0115 
51 MHz N° = 0.0259 
95 MHz N° = 0.0169 
Using values of me TS. and Fe = 0.008 mhos/m, the values of ho 


at 29 MHz, 51 MHz and 95 MHz may be calculated from equation (A.9), 
(A.12) and (A.28) in Appendix A. Substituting the resulting values 


of h, into equation (3.8) gives 


(8.2) 
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ny atve29" MAz0N= 0.024 
ny at. 51,MHz = 0.068 
ny at 95 MHz = 0.081 


It is now possible to determine the approximate resistance 
of the loop antenna, which will be required in the estimation of the 


loop to wire signal coupling in equation (2.46). From equation (3.4), 


R 


Al. 
N= poo (3:59) 
MA Te cee 5] 
However, Ray Bs lage 1 is only the resistive portion of the driving- 


point impedance of the loop antenna, Ri oop 1 Thus, from equation 
(S29) 5 
R 
gh TAN 
Roop 1 ny (3210) 
Since Ray = 2 Ray » the loop resistance may be written as 
s2go0, | ALO 
R 2 | — ., (3811) 
loop eee ko \2 ny 


With the previously calculated values of ny the approximate values 


of the loop resistance become 


R Tor 29 MERZ loop. =) 0323. sonms 


]oop 


R for] SikMiz toop'= 70284 ohms 


loop 


Roop for) 95° MHz “oop =.11 76." ohms 
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3.3 The Signal Generation 


For the experiment an unmodulated frequency was transmitted. 
The source of the signal consisted of a crystal oscillator. A tunable 
power amplifier was available (Hewlett - Packard 230 A, Signal 
Generator Power Amplifier) with a fixed gain of about 20 to 30 dB 
and a 50 ohm output impedance. Provisions were made to limit the 
oscillator output to about 2 mW into a 50 ohm load, and to allow 


for a rough signal amplitude adjustment. 


Three different oscillators for 29, 51 and 95 MHz re- 
spectively were built for the. tests. Since the oscillators were 
excellent with respect to drift and amplitude variations, a minimum 
of retuning of the heterodyne voltmeter at the receiving station was 
required. Although the 12 volt solid-state power inverter, providing 
115 volt at 60 Hz, created a supply voltage more like a square wave, 


there was no problem with noise. 


Because signal losses occurred in the 50-foot feeding line 
to the antenna, the feed-through power meter (Philco - Sierra 164 B, 
Bi - directional Power Monitor) was stationed directly before the 
radiating loop antenna and preceded by a variable attenuator, 
(Weinschel Engineering Model 905, 0 - 10 dB). It was possible to 
set the power level for the radiating loop antenna very accurately by 
keeping the difference between the power delivered to the loop and 
the reflected power at some constant level. Depending on the ground 


condition, the reflected power varied between zero and 3% at most. 


To allow for possible power variations, the one-watt scale 
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of the meter was used and the transmitted power to the loop antennas 
was set to 0.7 watts. This value represented only a relative reading, 
because the scale of the power meter must be multiplied by a correction 
factor that depends on the frequency. Power meter calibration curves 


were obtained for all frequencies used. 
3.4 The Wire Line 


The constructed wire line consisted of one or two copper 
wires (#18 GA multistrand, PVC insulated) running parallel to a 
4250-foot long previously surveyed line. The height of the wire could 
be adjusted up to 6 feet and the wire was supported by 2" by 2" 
wooden poles. To obtain a good ground-reference connection, one 6- 
foot ground rod was installed at each end of the line. Both the 


single and the double-wire lines are illustrated in Figures 16 and 17. 


Considering the single wire first; it may be shown from 
equation (2.14), that the line impedance is approximately 512 ohms. 
The wire line is of finite length and an abrupt ending of it will 
give rise to standing waves along the wire itself. Coupling to the 
line will then be a function of distance along the line and losses 


at the receiving station will result. 


Procedures to avoid these reflections were considered and 
an experimental method was developed to measure, and eventually to 
aid in the reduction of the standing waves. For this purpose, a 
signal of the desired frequency was fed to the terminals of what was 
to be the receiving end of the line. At the far end, the termination 


end of the wire, provisions were made for loading the line with 
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Figure 16. Single-Wire Line Taper 
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ordinary %-watt resistors. At 4000 feet, (250 feet from the termin- 
ation), a matched-loop antenna was placed directly under the line in 
maximum coupling position and connected by a 50-foot coaxial cable to 
a tuned voltmeter (Bruel and Kjaer Heterodyne Voltmeter ype 2006). 
Moving the loop antenna slowly along the line, keeping its orient- 
ation the same, the received Signal varied through maximum and 
minimum values. The standing wave ratio (SWR) on the line was thus 
determined and the effect of various termination loads was immediately 
apparent. To match the line meant adjusting the load for a SWR of 
unity. To reduce irregularities in the SWR caused by uneven ground, 
the loop was mounted on wooden rails placed under the wire at ground 
level. The wire line was kept parallel to these rails with extra 
Supporting poles. Plate 3 shows the loop antenna on wooden rails in 


transmitting position to the single-wire line. 


Direct termination of the wire line in a selection of re- 
sistances did not result in the desired matching. It was found that 
a vertical wire connecting the line to the ground rod through the 
termination presented a discontinuity that could not be matched by a 
Single resistor. It was not possible to arrive at a SWR of less than 
2.5 . The next step was to avoid the discontinuity of the wire line 
by tapering the wire over a length of 50 feet from a 6-foot height 
to about 3 inches, as suggested by Figure 16. Now the results were 


more promising and it was possible to obtain SWR's down to 1.02 


Next, an SWR measurement was made at 2000 feet. It showed 
however that the wire line was of such lossy character that the apparent 
SWR of about 1.15 was independent of the terminations at the far end, 


as for example, short or open circuit. Indeed, whenever a measurement 
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was made at distances greater than about 1000 feet from the end 

of the wire, the measured SWR was independent of the termination. 
The fact that at these remote locations the apparent SWR was higher 
than when measured near the terminating resistor is attributed to 
irregularities introduced by wire sag and heavy vegetation under the 
wire itself. In places growth up to 3 feet high was found. It was 
further observed that the maximum and minimum values of the received 
Signal did not occur at the same location at all times. This result 
is also clearly an indication that changing, complex loads along the 


wire line were present. 


To reduce the SWR near the termination to between 1.02 
and 1.06 required load resistances of 220 to 330 ohms to be placed 
across the end of the tapered section. Note that the value of Lo for 
the single-wire line at a height of 3 inches is given by equation (2.14) 


to be 332 ohms. 


Determination of the far-end resistive load solved the 
problem, in principle, of the receiving-end termination. A tapered 
section was also inserted at the receiving end. Matching networks 
then were required which transformed the resistances of the wire line 


to the 50 ohm input impedance of the tuned-voltmeter receiver. 


With the aid of a Smith Chart, three matching networks were 
designed. Figure 18 shows the final circuitry. It may be noted that 
the series inductance of the network was made slightly larger than re- 
quired to allow for the addition of capacitor Cl. The tuning of the 


device could then be accomplished by simply trimming the variable 
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Figure 18. Wire-Line Matching Network 
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capacitors. Further, it may be seen from the circuit that since air 
capacitors were used, the greatest loss in the network occurs in the 


coil. This loss, however, iS so small that it may be neglected. 


The actual tuning of the device was conducted by the power 
method. That is, a signal at the required frequency was fed to the 
line by means of the matching network. Trimming the capacitors for 
a minimum reflected power from the ae eni he network proved to be 
Surprisingly simple. Reduction of reflections to less than about 1% 


of the input power was possible. 


The same network was useful for all wire heights without the 
necessity of significant retuning. The tapered line compensated 
for all changes in the line impedance that depended on the wire height 
and the characteristic impedance of the line at the end of the taper 


remained constant. 


Having solved the problem of line-matching for the single 
wire, the double line did not present any new difficulties. In fact, 
it was found that using the configuration of Figure 17, the receiving- 
end matching network could be used with only a small retuning. Only 
the far end of the line had to be equipped with a different resistive 
value. The method of finding it was the same as employed for the 3 


single line and resulted for 


51 MHz in 750 ohms. 


The SWR with this value was 1.13. 
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3.5 Results for the Single-Wire Line 


Experimental data were obtained as described in the previous 
sections, and aS mentioned earlier, it was necessary to create 
calibration curves for the bi-directional power meter. As a result, 
it was discovered that the following power levels were actually delivered 
to the antenna loops : 

297 Miz “O.99"watts 

Ol Mize Vk was 

95 MHz 1.30 watts 
Before the different signals are compared, it is essential that the 


experimental results be normalized to a common transmitter power. 


Equation (2.46) clearly shows that the received power is 
directly proportional to the power delivered to the loop. Thus, it 
is not difficult to bring the results at the different frequencies to 


a common denominator of 1 watt. 


The normalized received voltages for the single wire are 
presented for the three frequencies in Figures 19, 20 and 21 respect- 
ively. The same graphs also show lines representing the results 


employing the theory of Chapter II. 


The coupling between loop and wire presented in equation 
(2.46) and the attenuation of the travelling signal along the wire 
line, as given by equations (2.63), (2.74), (2.82) and (2.88), were 
used in preparing the theoretical curve. In each case, the loop was 
positioned directly under the wire and oriented for maximum coupling 


to the line. 
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Figure 19. Results for 6-foot, Single-Wire Line at 29 MHz 
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Figure 21. Results for 6-foot, Single-Wire Line at 95 MHz 
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For the calculations the following parameters were chosen: 


0.008 mhos/meter 


iT] 


Ground : 
°g 


e, = 18 
Wire : multistrand # 18 GA. 


Height above ground: 


average = 5 feet 

at coupling points = 5.75 feet 
Diameters (outside): 

copper ¢ = 1.2 mm 

insulation ¢ = 2.2 mm 


The choice of these values needs some justification. The 
ground conductivity was estimated from data provided by the Department 
of Agriculture at the neneaes of Alberta for the farm at Ellerslie. 
The value of E, Was obtained on a somewhat trial and error basis. 

The loop to elevated tower experimental results to be discussed in 
Chapter IV were compared ith the theoretical predictions of Appendix 

A. Since these results were dependent on EnwDt it was possible to 
estimate the value of this parameter that represented a satisfactory 
agreement with the experimental data. The value of Entt 15 obtained 
in this manner was then used in the theoretical calculations of the 
wire line propagation. It should be noted that these values of oq and 
e.. are essentially the same as those given by "Reference Data for 
Radio Engineers" [29], for the type of farmland used in this experiment. 


During the course of the experiments (summer 1971 and 1972) 


frequent rainfalls as well as dry periods were common. As a result, 
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the farm land showed changing plant growth. To give more specific 
values for tie above mentioned constants would not be meaningful. Of 
course, it was also not possible to limit the experiments to times 

when the climate and growth conditions were approximately the same over 
short periods of time. The amount of physical work involved, the 
unpredictability of the elements, and the scheduling of work so as not 
to interfere with the work at the University farm - Ah these factors 


combined severely limited the available experimental time. 


The differences in the wire heights used for the calculations 
have to be justified. At the points where the loop antenna was 
positioned to couple signal to the wire lines, the ground was cleared 
of all plant growth and the wire was supported with additional poles, 
such that an average wire height of about 5.75 feet above the ground 
could be maintained. At the points along the line where the wire was 
Supported every 50 feet, a wire sag of about 6 inches could not be avoided. 
On the other side, all along and below the wire, a dense growth of 
vegetation was present. Though loose in its appearance, it effectively 
represented an elevated ground level. Another 6 inches was allowed 
for the influence of this vegetation, resulting in an effective wire 


height of 5 feet. 


All approximations, of course, will have their effects on 
the calculated results and allowances must be made when comparing theory 


and practical experiment. 


Comparing the results for 29 MHz and 51 MHz, it is apparent 


that the theoretical predictions are consistently high by about 4 dB 
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to 6 dB for ranges less than 2500 feet. The most probable cause 
for this discrepancy is in the determination of the efficiency of the 
loop antenna, and from it, the derivation of the value of the loop 


input resistance, R » aS described in Section 3.2. Undoubtedly 


loop 


a direct measurement of R would have led to more accurate values, 


loop 
and thus, probably to a closer agreement between theory and experiment. 
However, such a measurement would have been difficult to obtain under 
actual field conditions with any reliability and it was decided that 

the indirect calculation of Section 3.2 would be sufficient to demonstrate 
the general validity of the theory. Beyond 2500 feet the experimental 
signal does not drop off as rapidly as predicted. As will be seen in 
discussing the results for a wire at a height of 3 feet, the attenuation 
can be expected to decrease to a value of 12 dB per octave, at 

distances large enough that the total attenuation of the signal along 

the line is greater than the attenuation of the signal directly 

radiated from the loop to the distant receiver. Moreover, an apparent 


decrease in attenuation will also result as the end of the line is 


approached because of an increase in the coupling. 


Observing now that the spread of the experimental values 
varies up to 7.5 dB, the theoretical results clearly provide a 
satisfactory description of propagation along the wire at 29 MHz and 


51 MHz. 


Figure 21 shows the result for the 95 MHz transmission. In 
Chapter II it was pointed out that it is to be expected from the work 


of Kikuchi [15, 16] that the theory presented here will not hold true 
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at higher frequencies. Indeed, Figure 21 shows that at 95 MHz the 
attenuation is considerably less than expected, leading to the 
conclusion that the wave is propagating in some hybrid mode that is 
partly of a surface wave nature and partly of a transmission-line 
nature. As expected for such a situation, the attenuation lies 
between the two extremes predicted on the one hand by the Sommerfeldt- 
Gobau theory [30], and on the other hand, by the results of Chapter II. 
Figure 22 shows the case of a 51 MHz signal transmitted 
along a wire elevated 3 feet above ground, or for reasons stated 
earlier, at an effective height of 2 feet. Both theory and experiment 
seem to agree quite well for ranges less than 1000 feet, although 
Once again, the theoretical coupling appears to be somewhat high. 
Beyond 1000 feet the attenuation rapidly approaches a value of 12 db 
per octave. This value is what would be expected for the attenuation 
between two widely separated antenna systems whose heights above ground 
are much less than the distance between them (Appendix A). In other 
words, beyond 1000 feet, the total line attenuation is so severe that 
more signal is coupled to the receiver directly from the radiated fields 
of the loop antenna than is coupled via the overhead line. As a check 
on this suggestion, the wire line was removed except for a 50-foot 
section of 6-foot height, directly in front of the receiver. This 
short Beverage antenna was terminated in the same manner as the 
original 4000 foot antenna. Measurements of the received voltage were 
taken and the results are given by the dotted line in Figure 22. 


Although somewhat higher, these results clearly indicate that beyond 


: a _ nen 


gat sHM 2 te tard? siihe i diva? apie wn al 
any oF palbes! ,bei¥aeqxs ners 2eof «fdevabane jt “morse 
2? Jedy abom biadyd smo2 af enitspeqen ef — ott ” me 


anti-noteztmenew? s to yvitwsq brs systen eysW ao pares: ud to 
Le 
fFHUNSTIG OAT .NOTIeusTe 6 dave VOT bsios sae = vw f 
i: _ 
-7 woe ant yd bash sno si? fo bataibsra somertxs oat eft a ws SK 


tfuesy sad yd . baed verdto orf ‘nd bas J TOE] U8 + wpdox 


J | 
timenayd Tanpte sHW Td s to 9269 off Rwore 33 suet? Has J 
beiss2 endessy Ot 1d . bnuorp evods t9s? € Bb erbvate ontw't 4 


mresqus bis YI0Sd? nol .Joeet $ Yo drip oad avifostts ns t6 
€ - _ 


Npvertfs ,Jest OOOT nefy ezaf espney ror [few estup ogyes oF mos: 

ord Psnhwemoe od of e+68qa6 pnifques laots soars ont at 

Gb Si Yo sulév's5 eenosoigds ylbiqsy oofieunrstis oft Soe ober tad 
noOftaunesis sad +oOt badosqxs sd bruaw fermw 2) sulsv oraT aptitse 
bnuoww svods ettiprerd’ Seodw emaseye sanoins besstsqe3a Vlebtw ows mgs eibid 3d 
roto nl .(A xibweqdaA) wert noawred sonssetb aft nad? e20f foun 

| , na 


gene gyevee 62 zi Not Yebnod 36 gntl fevos sit . dst ont nove 
ehist? baratben atid movi yisooitb Aavisesy sdt oF balques et [si ‘ 2 34 


is 


; 


sada 6 a nu bsaitrs v0 92 Sfy¥ belques 2h. madd sansdas: goof s ory 

“4005-08 § 303 $qa9xe bevoms7 26Ww sail outw ond bassin 

_ athe am pabtgal arent, qt yftaerhb etipotss 1007-3. ; er 
orig 45 26 “enciee b2 afl: nb badantarss 26 stiaine| ate vod 39 

aM ie bovis» ss ie spe ser DOOs fan 
3 onus pi ni i on Dh tes in E hy . rvs 


Received signal in volts 


80 


Na icaney a voltage in theory : 0.87 V 
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1000 feet, the direct radiation is more important than the amount 

of signal that can be propagated along the 3-foot high wire line. 

As the wire height is increased, thus decreasing the line attenuation, 
the directly-coupled signal will not be important until the range is 
considerably increased. For example, Figures 19 and 20 show that 

for the 6-foot wire, direct radiation is significant only beyond 


ranges of about 3000 feet. 


3.6 Results for the Double-Wire Line 

In principle, all remarks regarding the assumptions and 
dimensions are valid also for the double-wire line. Figure 23 shows 
both calculated results, employing equations (2.46), (2.63), (2.76), 
(2.82) and (2.93) for the coupling and the attenuation along 
the line, and the experimental values normalized to one watt. 


Measurements were taken only at 51 MHz. 


Again the signal coupled into the line is below the 
theoretically predicted value by about 4 dB. More important, the 
wave apparently attenuates somewhat more rapidly than is theoretically 
predicted. This difference in attenuation, of course, leads to in- 
creased separation between theory and practice as the range is in- 
creased. For the most part, this error can be traced to the assumption 
that the magnetic field at the earth's surface is the same as 
though the ground were a perfect conductor. In the single-wire case, 
this simplification led to quite accurate predictions for the 
attenuation. However, in the double-wire case the extra wire and its 
image give rise to a magnetic field that is nearly equal and opposite 


to the field produced by the first wire and its image at points 
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along the ground surface. Thus, the net field when the ground is 
perfectly conducting is quite small. For a practical earth, this self- 
cancel lation between the fields of the two Rapes is not as complete 

and the resulting magnetic field is significantly higher - leading to 
increased attenuation. Even with these discrepancies, the theoretical 
results still provide a satisfactory description of the wire-line 
propagation. It is important to note that with the double-wire line, 
the line attenuation is significantly reduced with respect to the 
Single-wire line. Expressing the attenuation factor in decibels per 
100 feet, the result for the double-wire line is approximately 0.93 dB 
per 100 feet at 51 MHz. The corresponding single-wire attenuation 
for the same wire height and frequency is approximately 2.75 dB per 


100 feet; an increase of a factor 3 compared to the double-wire line. 


3.7 Lateral Loop Displacement 


As a check on the general nature of the coupling mechanism, 
measurements of received voltage were made at a fixed range as the 
loop was moved away from the wire line at right angles. The 
experimental results were then normalized as described in Section 2.4 
and compared to the theoretical values given by equations (2.56) and 
(2.57). Figure 24 shows the results for the single-wire line at 
29 MHz, 51 MHz and 95 MHz. Figure 25 shows the results for the 
double-wire line at 51 MHz. It is obvious that in both cases the 
correspondence between theory and practice is quite good. However, the 
experimental results for the single-wire line at 29 MHz are in- 


explicably high by about 6 dB. 
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3.8 The Wire Grid 


From Figures 24 and 25, one may observe that the signal 
at a lateral displacement of 10 feet has dropped off to about one- 
fourth of its original value, and at the same time, the rate of change 


of the signal starts to decrease significantly. 


It is now possible to imagine the case of several wires 
strung in parallel, each being terminated in the same way as the 
Single-wire line. Placing a radiating loop between wires and observ- 
ing the received voltage on each of them, should give an indication 
of the relative distance of the loop to any of the wires. The loop 
orientation itself will not influence the overall picture. The 
principle is illustrated in Figure 26. It is easy to expand this 
idea to a rectangular network of wires as shown in Figure 27. This 
grid was constructed with the dimensions indicated and is shown on 
Plate 4. Each single wire was terminated on one end in its character- 
istic line impedance and the other end was left open-circuited. A 
four-foot copper ground rod was placed at the ends of every line. 

The wires themselves were separated vertically by 6 inches at the 
crossover points to reduce the coupling between the two sets of 


orthogonal wires. 


In order to test the effectiveness of the grid network in 
predicting the location of the transmitting loop, it was necessary 
to construct a small battery-operated portable oscillator that could 
readily be moved from one location to another. A circuit previously 


used by W. Cochran [3] was selected and is shown in Figure 28. 
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89 


LOvy NZ 


JINDAL UOIPLLL9SO LL PWS 


"8z aunbly 


Jtuoit? yvotat(tae iene .88 swe; 


Since no absolute measurements of signal strength were 
required in this experiment, no effort was made to establish any 
particular output power ievel. The only requirement was that of 
obtaining a constant output. This oscillating loop was then placed 
within the 100 by 100-foot wire grid, illustrated in Figure 27. The 
Heterodyne Voltmeter, preceded by a matching network, was connected 
to all 10 wire lines in succession and the received signal recorded. 
These measurements were repeated for all possible locations and 
orientations of the loop. Some characteristic signal position 


recordings are displayed in Figure 29, 


It is easily seen that it was possible to indicate in 
nearly all cases the position of the radiating loop within the wire 
grid, by noting which two orthogonal wires carried the largest signals. 
This method limits, however, the determination of the exact position 
of the loop to a square of 25 by 25 feet only. Thus, the accuracy 
of the system in locating the transmitter depends on the mesh 


dimensions chosen for the grid. 


Only one ambigous reading was obtained, namely the one 
resulting from a transmitter located exactly in the center of one 
mesh with the loop positioned parallel to one wire direction. The 
coupling into the two wires parallel to the loop was excellent. The 


coupling into the perpendicular wires provided no guide to pinpoint 


the transmitter. Indeed, the theory developed in Chapter II showed that 


under these latter conditions, no signals should be present in those 


wires. This ambiguity is not a serious practical drawback since only 
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rarely would a radio-tagged animal assume one unfavourable position. 


It can be anticipated that in certain circumstances a 
wire-grid system can provide positional information on a radio- 
tagged animal in a Simpler and cheaper way than the conventional 
triangulation technique using high-gain antennas. Often, only bearing 
information is required, such. as in the current study of the cotton- 
tail rabbit presently underway at the Rochester Wildlife Centre 
in north- central Alberta. In this instance, the required data could 


be readily obtained from a simple system of radial wires. 
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CHAPTER IV 
OMNI-DIRECTIONAL, TOWER-MOUNTED RECEIVING SYSTEM 
4.1 Introduction 


Radio location by means of a tower-mounted antenna is the 
method mainly used in today's telemetering applications. For tri- 
angulation, highly directional antennas, such as Yagi-antennas are 


often used. 


To determine the relative efficiency of the Beverage antenna 
for bio-telemetric applications, a conventional tower-mounted ground- 
plane antenna was used for the comparison. The antenna has an omni- 
directional radiation pattern, that is, no received signal of any 
particular direction surrounding the antenna is prefered. The ground- 
plane antenna was tested under exactly the same physical conditions 


as the Beverage antenna to allow for a valid comparison. 


The test system is shown in Figure 12. As in the case of 
the Beverage antenna, a matching network is required to bring the 
antenna impedance to the 50 ohms of the receiver. A 50-foot 
coaxial cable was used to connect the matching network located directly 
below the ground-plane antenna to the receiving instrument, the 
Heterodyne Voltmeter. The transmitting equipment was exactly the 
same as the One used in the Beverage antenna case. The antenna 
tower was extendable, so that heights of about 8, 22 and 38 feet 


could be utilized. 
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4.2 Theoretical Analysis 


The transmission between two antennas is treated theoretically 


in Appendix A. Equation (A.51) gives the ratio of the power received 


to the power transmitted when antenna (1) is located at ground level 


and antenna (2) is located at a height, ho . In the present case, 


antenna (2) is the ground-plane antenna mounted on the tower, while 


antenna (1) is the transmitting loop antenna. 


When the power delivered to the antenna is 


Pi oop and the 


input impedance to the receiving system is 50 ohms, the expected rms 


Signal voltage across the receiver may be expressed as 


Vex r (Pi oop 20 oy 


ree 
R 1 Roo a. | (hoh,-J ho) | 


Se aed a 


Al A2 S 


All used variables are explained in detail in Appendix A. The 


following approximate values for these variables may be used: 


Gain 


Efficiency 


Impedance ratio 


Physical height 


4.3 Experimental Measurements 
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The ground-plane antenna design, shown in Figure 30 
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Figure 30. Ground-Plane Antenna 
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represents a quarter wavelength monopole above a simulated ground-plane. 


The ground-plane itself consists of four radial conducting arms of 
One-quarter wavelength, hence it no longer represents an ideal 
infinite conducting plane. The finite size of the ground-plane causes 
a tilting of the radiation field upward and away from the ground. To 
bring the maximum radiation back towards the horizontal plane where 
the loop antenna would be located, the antenna is modified by bending 
the four ground-plane arms at an angle of 45 degrees with respect to 
the horizontal [26]. The construction of the antenna represents an 
antenna core with conductor lengths tuned to 95 MHz, the shortest 
wavelength in this experiment. The antennas for the other frequencies, 
51 and 95 MHz, were created by simply extending the ground-plane 

arms to the required quarter wavelength. For this purpose, the ends 
of the antenna-rod sections were equipped with a thread on the outside 


and joined by a short pipe connector with inside thread. 


Where the input impedance of a one-half wavelength dipole 
antenna may be'found to be 73 + j 42.5 ohms [21], the input 
impedance of a monopole antenna over perfect ground is given as one- 
halt of. the above... that 1So930..5¢.j 21 -ohmss It is reasonable to 
expect that the input impedance for the constructed antenna will lie 


Somewhere in between these two given limiting values. 


It is further indicated in the relevant literature, that 


for dipole and monopole antennas, the input impedance can be varied by 


changing the length of the conductors [21]. By shortening the conducting 


rods from one-quarter wavelength, a significant reduction of the 
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inductance and a slight reduction of the resistive value can be 
obtained. Employing this knowledge for the construction of the 
antenna, the actual input impedance, using a 5% reduction of the con- 


ductor length, was found to be as follows: 


Zi = 190 3 rely lic. OnMs. -aeercoeMitz 
re = 29.6 taped 2) ohms “tatir Sle Miz 
= SILO = 4) 16eZeonms; Cat) > Oo Maz 


The lowering of the inductance promised to simplify the 
matching network circuitry, since now mainly resistive values had to 
be transformed. Though the value obtained for the 95 MHz antenna 
shows a resistive-capacitive result, the reactance was certainly less- 


ened. 


The matching networks of the ground-plane antenna were 
positioned directly at the antenna terminals as shown in Figure 30. 
An L -C network, different for each frequency as shown in Figure 31, 
was used. Again, as in the case of the matching network for the 
Beverage antenna, the required inductors were each set in series with 
a variable capacitor and the tuning to 50 ohms was accomplished using 


the impedance meter employed earlier. 


If the air capacitors and the fixed value mica capacitors 
are considered to be lossless, the only losses occur in the high-fre- 
quency surface resistance of the inductive air coils. It is possible 
to show that this value is negligible compared to the resistive 


portion of the actual antenna input impedance. 


The overall antenna efficiency is defined as 
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Figure 31. Matching Networks for Ground-Plane Antenna 
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conductor 
where no ground or other losses are expected from an elevated ground- 
plane antenna. It can thus be shown that the efficiency of the 


matched ground-plane antenna is approximately unity. 


The actual: ground-plane antenna was now elevated on an 
extendable metal tower and could be positioned at 8.1, 22.4 and 38.8 
feet height. Two of the cases are shown on Plate 1 and Plate 2. At 
each height, signal transmission measurements were conducted with 
500, 1000, 2000 and 4000 feet distance between loop and receiving 
ground-plane antenna. The loop antenna was directed at all times 
for maximum signal at the receiving station. To eliminate any 
possible errors in the instrumentation, each measurement was repeated 
two to three times, with the loop antenna moved about two or three 
feet from its previous test point. This method verified the obtained 
transmitted signal voltages and repeatability could clearly be 


affirmed. 


Figures 32, 33 and 34 display the received signal values 
for the 8 foot and the 38 foot elevated ground-plane antenna. In all 
illustrated cases the actual received voltages at the Heterodyne 
Voltmeter were corrected for the loss which had occurred in the 50- 
foot coaxial cable connecting the antenna matching network and the 


receiving instrument. The correction was 
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Figure 34. Received Voltage from Elevated Ground-Plane 
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for 29 iMAzGa Tactortoty brik253 

for 51 MHz a factor of 1.336 

and for 95 MHz a factor of 1.514 
Thus, in effect, the experimental values in Figure 32, 33 and 34 
represent the received voltages at the antenna terminals for a power of 


1 watt delivered to the transmitting loop antenna. 


To compare the experimentally received signals with the 
theory, equation (4.1) was employed, The variables h, and s were 
evaluated for the appropriate elevations and transmission distances. 
The ground constants, Fe = 0.008 mhos/meter 

and SR it IS 
were previously used and justified in Section 3.5. 

‘Figures 32 to 34 also show the theoretically expected signal 
voltages at 8 and 38-foot height, at the antenna terminals. The 
deviations occurring between theory and experiment may be estimated to 
be around 6 dB at most. On the whole, however, the agreement is within 


3 dB for the majority of the measurements taken. 


Considering now only the theoretical curves of the three 
figures, it is clearly seen that the lower the frequency, the higher 
the received voltage, and on the other hand, the less the change of 
Signal with increase in receiving tower height. In general, the 
theory predicts that as the transmission distance is doubled, the ratio 
between received and transmitted power will decrease by 12 dB. On 
the other hand, when ho >> he » doubling the antenna height will 
provide an additional gain of 6 dB. If hy << i) , the received 


signal is independent of ho . In short, the elevation of an 
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antenna below the value of ho is of effectively no benefit to the 
transmission. In the case of the antenna heights and frequencies 
used, a complex overlapping of the above effects is present. However, 
the predicted trends are clearly established by the experimental 
results. At 95 MHz where ne has its smallest value (ir, these 
experiments), there is the largest increase in signal with in- 
creasing tower height. Indeed, the measured improvement is approx- 
imately 12 dB between 8.1 and 38.8 feet. Ignoring ho » the 
theoretical value would be 13.5 dB. As expected, the results at 29 
MHz indicate much less improvement with increasing height ~- less 
than 6 dB in moving the antenna from 8.1 to 38.8 feet. In this case, 
[h,| = 22.1 feet which is comparable to the antenna elevations 
themselves. In all cases, the attenuation with distance agrees very 


closely with the theoretical value of 12 dB per octave. 


In short, the experimental results verify the approximate 


theory developed in Appendix A. 
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CHAPTER V 
SUMMARY AND CONCLUSIONS 
5.1 Introduction 


It was demonstrated in the preceeding chapters that the 
developed theories closely coincide with the obtained test results. 
Therefore, it is justifiable to employ the derived theoretical 
formulations for the prediction of the relative performance of the 


Beverage and the tower-antenna systems. 


Figure 35 shows the theoretically expected received 
signal for various wire and tower-antenna configurations. The 
frequency of 51 MHz used in this figure was chosen since most of 


the actual tests were conducted with this frequency. 


It is difficult to determine the most effective method 
of signal transmission from Figure 35 without first considering 
the theoretical dependencies and the experimental parameters used. 
Examination of the theory of the Beverage antenna indicates that 
a trade-off must be made, concerning its dimensions, between the 
voltage coupled to the antenna from a loop antenna and the attenuation 
of the coupled signal along the wire to the receiver. Equations (2.51) 
and (2.55) show the dependency of the mutual inductance M _ on the 
wire height used. Equation (2.46), in turn, illustrates the 
dependency of the coupled voltage on M and hence, the fact that 
as the wire height decreases, the signal coupled to the wire will 
increase. Moreover, as the lateral position of the loop to the wire 


is reduced, M , and therefore the coupled signal, will become nearly 
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Received signal in volts 


] 
\ 
| \ 12-foot single-wire line 
\ a = 0.0300 dB per meter 
107! 
6-foot double-wire line 
on = 90,0502 “dbs per meter 
107° 
38-foot 
tower ‘ : : 
ground-plane 6-foot single-wire line 
antenna ean = 0.0905 dB per meter 
(sling 
Crossover 
8-foot tower ; 
ground-plane ~~ point 
-4 antenna 
10 
Note: 
This signal is 
based on 1 watt lwo 
delivered to the 3-foot single-wire line 
transmitting x 
loop antenna a = 0.244 dB per meter 
108" 


0 500 1000 2000 3000 
Transmitter distance in feet 
Figure 35. Systems Comparison (theoretical) at 51 MHz 
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inversly proportional to the height of the spanned wire. This 
interpretation of equation (2.46) neglects the fact that Lo also 

is a variable of the wire height, h . However, this effect is 

only small because the relation of Zo to h is logarithmic as 

seen from equations (2.14) and (2.20). The dependency of the coupled 
signal on the wire height would clearly suggest the use of a low- 

wire line, if the attenuation of the coupled signal travelling 

towards the receiver would not also have to be considered. The 
attenuation mainly depends, from equation (2.74) or (2.76) on Z_ and 


0 
h , where Z » aS earlier stated, is a function of h . As the 


fo) 
wire height is decreased, the signal travelling along the wire will 
become more rapidly attenuated. Thus, except for propagation over 
very short distances, it is advantageous to increase the wire height 
as the length of the wire line is extended. Though the coupled 
Signal to the wire will become smaller, the final value of the 


received signal will be larger as a comparison of signal strengths 


for the 3-foot, 6-foot and 12-foot wire lines (Figure 35) clearly shows. 


As a relative numerical example for the experimental 
system used, it 1s interesting to note that the signal coupled to 
the single-wire line will decrease from 400 mV to 180 mV as the 
wire height is changed from 6 feet to 12 feet, as seen in Figure 35. 
At the same time the ground attenuation from equation (2.74) will 
decrease from 13.8 dB/100 feet to 4.6 dB/100 feet. As a drop of the 
wire height from 6 feet to 3 feet is considered, the coupled signal 
will rise from 400 mV to 860 mV, but the attenuation will be so 


Severe thay beyond about 1000 feet the system becomes impractical and 
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the initial high signal advantage is rapidly lost. 


As relatively high wires are favoured for large system 
ranges, h will increase towards 2» . Once the height is of the 
order of i , the developed theory for a , the attenuation factor, 
is not strictly valid. However, in this case, Kikuchi [15, 16] has 
indicated that even greater reductions in the attenuation can be 
expected than predicted here as the mode of propagation of the signal 
changes to a surface wave. These resulting benefits of increased wire 
height will, of course, be limited by practical considerations concern- 


ing construction of the antenna. 


It is now interesting to see how the 8-foot and the 38-foot 
tower antennas compare to the Beverage antennas of different wire 
heights. In short, for ranges less than the respective crossover 
points indicated in Figure 35, the wire line delivers more received 
Signal. Beyond these points the tower antennas will be the better 
choice. Whether Or not the larger tower signal beyond the crossover 
results in an increase of effective systems range, will depend on 
the transmitted power, and hence, on the received noise level. This 


subject is explained in more detail in Section 5.3 of this chapter. 


A last and interesting comparison within the different 
antenna systems is the result of the 6-foot double-wire antenna. 
This system is much better regarding the attenuation along the wire 
line than the system with only one wire. In fact, the 6-foot double- 
wire system is comparable to a single-wire of about 12-foot height. 


The initial low signal coupling to the double wire does not lessen 
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the apparent advantage regarding the line attenuation in the overal|] 
picture. Of course, it is obvious that the stringing of two wires 


will certainly affect the economy of a tracking system. 


Moreover, the double-wire line provides orders of magnitude 
more signal than the tower-mounted antenna. In the present case it can 
be shown, uSing the approach outlined in Appendix A, that at a range 
of 3000 feet the signal received on the tower antenna can never exceed 
approximately 3 mV regardless of the tower height. This value at 3000 
feet is at least 6 dB lower than the received voltage on the double- 


wire line. 


eee. ocal ing the: Results 


It has been demonstrated that the theory and experiments 
of this report match each other with sufficient accuracy. The theory 
provided in previous chapters will, therefore, predict the received 
Signal strength which may be expected for certain wire configurations 
at a specific range. Basically, there exist two equations which 
govern the signal transmission between the loop antenna and the 
receiving instrument. For the transmission by the single-wire line 


system, neglecting dielectric and conductor losses 


(557) 


and for the transmission to the ground-plane antenna mounted on a tower, 
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These equations may now be used to scale the present results to 

other power levels and frequencies, to different wire or tower heights 
and to more realistic loop diameters. It should, however, be 
remembered that some of the variables necessary for the computation, 


such as_ R and the antenna efficiency n , were estimated from 


loop 


measured data. In other words, and n cannot be scaled directly 


, Ri oop 
because their functional dependence on the parameters is not known. 


Consider rewriting equation (3.10) as 


R 
me oo (502) 
loop | 


Since the measured values of efficiency were small at all frequencies 


it iS apparent that R S Ray » HENCE’, 


loop | 


+R R (553) 


Roop eae Ral loss | toss | 


The loss resistance, Race 1? accounts for copper losses in the 
antenna as well as for the loss in the conducting ground in the 
vicinity of the loop. For small loops close to the ground, the ground 
loss is always orders of magnitude larger than the copper loss, and 


hence R and R can be expected to be relatively in- 


loss | loop | 


dependent of the loop diameter. Thus, assuming %q and Eq are un- 


changed, the results at 29, 51 and 95 MHz can be scaled to smaller 


loop diameters by using the existing values of R and by 


loop | 
calculating the efficiency from equation (5.2) using the theoretical 
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expression, Rnq = aRa, . The functional dependence of Ry on 


the loop diameter is given by equation (3.2). 


In order to scale the results to different frequencies it 
is desirable to first measure ny at the new frequency. However, 
between’ '29°-and ©95' MHz'first order estimates of ny> for an 8- 
inch diameter loop, can be made simply by interpolating between the 
values measured in this study, assuming o. and Eg are unchanged. 


g 


R at the new frequency can then be determined as described in 


loop 
Chapter III. 


9.3 Relative Systems Range 


As the results of a variety of calculations based on 
equations (4.1) and (5.1) of Section 5.2 are evaluated, it becomes 
quite clear that it is impossible to select one of the two antenna 
systems as always being superior to the other. More specific re- 
quirements such as the system's range and sensitivity are also of 
importance. To illustrate the relative transmission properties of the 


system, the following example will be helpful. 


Let the power delivered to a loop antenna of 1 inch 
diameter be..10-° watts ata frequency of 51 MHz. These data 
represents realistically the case of a small radio-tagged rodent. 
The loop antenna efficiency of this system can be calculated as described 
in Section) 5.2,to,be 


3 


1.284 x10." 4% 


This value is consistent with an empirically estimated efficiency given 
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by Cochran [4]. For a loop antenna surrounding flesh, he gives 


S86) 


Mie 01650 10 (ireawemesi 20) dy ye (5.4) 


where d is the loop diameter in inches. In the present case, the 
above expression will yield 


P022K 10 208 


It must be noted that the efficiency of 1.84 x jor % results from 
a loop antenna which does not surround flesh. However, as an 


experimental result, the two values compare satisfactorily. 


Figure 36 shows the calculated received voltages for a 38- 
foot tower-mounted ground-plane antenna and a 6-foot high single-wire 
Beverage antenna, using the earlier specified variables. It is easily 
seen that there exists a critical transmission distance, where at a 
crossover point the received signal of both systems possess the same 


value. 


The system's noise level will set a limit up to which a 
specific signal can clearly be distinguished. Let the noise level for 


the chosen system be 3 x 10°! 


volts, a value which is quite typical 
for a receiving system operating in this frequency range. With this 
limitation on the signal strength, the critical transmitting distance 


is obviously extended by using the Beverage antenna. 


Considering a noise level below the signal strength at the 
crossover point will certainly favour the use of the tower-mounted 


receiving antenna. At the crossover point, the slope of the signal 
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Received signal in volts 
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107" 
eR Single-Wire Line 6-foot height 
10 Beverage Antenna 
iis 
Noise Level 
Desay 
Crossover Point 
107” gs 
Ground-Plane Antenna 
38-foot height 
ie | 
Note: 
This signal is based on 1 mW delivered 
to the transmitting loop antenna 
107 


500 1000 2000 3000 4000 
Transmitter distance in feet 


Figure 36. Systems Comparison (practical) at 51 MHz 
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strength curve for the tower antenna shows significantly less 
attenuation per transmitting distance than the one of the Beverage 
antenna. The possible initial advantage of the Beverage antenna is 


lost. 


It should be realized that selecting the ideal antenna system 
for all applications is not possible. However, the theories developed 
here for the tower, loop and Beverage antenna will permit a relatively 


Simple systems comparison - one of the goals of this work. 


5.4 Wire-Grid System versus Directional Antenna 


Consider the problem of finding the direction from which a 
transmitting source radiates. In a conventional system this is done 
by mounting a highly directional antenna on a tower of sufficient 
height to provide the desired range. Provision is made to remotely 
rotate this antenna to obtain omni-directional coverage. In addition, 
controlling and indicating devices are necessary to provide continuous 


readout of the antenna orientation. 


Alternatively several Beverage antennas may be arranged as 
in Figure 37. Depending on the surrounding area, supporting poles or 
existing trees may be used to keep the wires in place. At the center- 
point, a multiple switch can be used to locate the signal-carrying 


antenna wire. 


The cost of the number of Beverage antennas participating 
in this star configuration can be illustrated by the following example. 


For a one-mile reception radius, allowing at 0.5 miles radius a 
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separation of the Beverage antennas of about 100 feet, a total of 
about 166 single wires would be required. An estimation of the wire 
costs, neglecting even the installation, results in a price of about 
$15 per 1000 feet for a total of about $13,000. This sum is at least 
five times the investment necessary for a tower-antenna system of 


Similar capabilities. 


Using the Beverage antenna for a smaller sized area will 
reduce the involved investment drastically, whereas the costs of a 
tower-antenna system will stay approximately the same as before. 
This characteristic will make it possible to find some point at which 
the wire-antenna system will be the most economical one. The result 
will be that the economy of the Beverage antenna system is restricted 


to short ranges when area coverage is required. 


This restriction does not apply for special applications 
where only a few wires have to be installed. One use of this kind 
of system is the monitoring of a small area, as for example a salt 
lick or a water hole. As pointed out previously, such an application 
would involve a small overhead grid attached to a long Beverage 


antenna leading back to some convenient monitoring location. 


Often the exact location of an animal is required. In this 
case several directional tower-mounted antenna systems are usually 
used to triangulate on the animal. However, when small areas are to 
be covered the wire-grid systems illustrated in Figures 27 and 38 are 
not only more economical, but they can provide a more accurate 


determination of position. As seen in Chapter III, the grid spacing 


TT | : 
, ae ‘ 
’ € 
ve i 
; a = - 
to mez i 
> . = 
2 me Ar 
: © 
‘ 


fhiw até basié “ott en . 
Ries ieee 
5 to efeoar oft istdar ff 


stoted en smee add YF eittean de TT iw: 
fatik 6 tnhoq sntioe ree td: Bac otic ; 
Fiugsy osT ono 0 Taofnengse 20m sit od Tity madeue cossneca ti 98 | 
betotaseay 2f wun srs. spss ond Fo. wnanoas ada tet od rth a 
ating: 2h apevevoo 69m vodw Bogney F40q8 of 
anortsot fags Tstaage +t \ifaas ton 290b nohotmdeen ‘etaT oo a 


i 


bata ett to 9am and .batfstant od og! ver eonbapat 5 vino sreriw 
Hae 6 otainaxs, not 26 . e946 ffieme a to ‘entvod thom ont et mateye to 
norsaotiqds ae fou fevorysia Svo! bent of 2A _sfor stew 8 40 40 #otT mi 
ops'rsvai prof 6 of bertasigs sha beariravo" I fei & syfovat biuow. 
moizsoot pnirotinom Insinswnos smog OF dosd pnitbsef snnetas 


2tig ml .beviupsy at Tsttas 16 To: noftesof s98Ko aae A930 * . 
Fl aveu 976 emetey2 snnsins bestnuom-79Wod ris feysvee — - 

oF 9%5 2991S ffeme naw .1evawoH i Semins sid ao Sa6PMy : 
ay6 BE bas TS zaxegt? ni bossvteultt sacle ” 
gtsvu925 syon 6 8bfvow mea’ Vent tod 
ontosqe biyp oft 111 yedqsdd: ah 1ese!eks | ‘ok - 73 


Te 


JdALIO9y 


YO. LMS 


440M79N ——— 


BuLyozew 


UO LZOULWUAL 


waayskS Hulzed07 PLug-3uLM 


"ge aunbl4 


118 


determines the location accuracy. Spacings as small as 5 feet by 

5 feet are definitely practical. On the other hand directional 
antennas suitable for this application rarely have angular resolutions 
of better than + 5 degrees. At a range of 500 feet the resulting un- 


certainty in the position of the transmitter is greater than + 80 feet. 


The author believes that a system like that shown in Figure 38 
represents one of the best uses for the Beverage antenna in bio- 
telemetry. For this small system, low cost, accurate results, easy 
construction and use, as well as independence of loop orientations 


are the relative merits. 
5.5 Conclusions 


The previous chapters and sections show the development of a 
theory by which means it is possible to evaluate the advantages of the 
Beverage antenna system relative to a tower-mounted antenna system. 

In general, it was found that neither of the systems was superior to 
the other in all cases. The tower-mounted antenna seems to be better 
for large-range telemetry. The Beverage antenna and the wire-grid 
configurations derived from it offer better performance for small area 


coverage. 


A wide range of uses for the wire-grid method is possible. 
The author estimates, that as long se the grid area is within the size 
of up to about 500 by 500 feet, the construction cost will stay within 
tolerable limits. This restriction does not exclude the possibility 
that several small grid areas of special interest, Such as salt licks 


or water holes, might be connected by a single-wire line to a larger 
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system over distances of more than 500 feet. Such a scheme would permit 
the use of very low power long-life transmitter packages on the animals. 
Then only when they used the area would a signal be coupled to the line. 
Further, by using somewhat lower frequencies, it is to be expected that 
the grid system will prove valuable for the tracking of burrowing 

animals below the ground surface. The first application of the presented 
theory is already in progress with the construction of a wire-grid 

system for the nbs cnvat hones red backed voles in the Northwest 


Territories of Canada. 


With the orientation of man towards the exploration, protect- 
ion and restoration of the environment, the Beverage antenna system 


will undoubtedly find further applications in the future. 
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APPENDIX A 
POWER TRANSFER BETWEEN TWO ANTENNAS 


It is the intention of this appendix to develop a theory for 
the power transfer between two elevated antennas including the ground 


effects on the radio wave propagation. 


The principal effect of the plane earth on the propagation 
of radio waves is indicated by the following equation [31, 32, 33]: 


E = E, (1+ Rel + (1 -k) Fel4 | (A.1) 


The three terms represent the direct, reflected and the surface wave 
respectively. B is the electric field of the particular antenna 
used, as it would be in free space but with the same terminal current 
as in the actual situation. R describes the ground reflection coefficient 
and, F , the surface-wave attenuation factor. <A is the phase 
difference due to wave path inequalities as explained on the following 
pages. 

Additional terms could be added to the equation, accounting 
for induction fields and secondary effects of the ground. The actual 


fields, however, are expected to vary by up to several dB due to 


experimental errors and nonideal conditions in any case. 


Since the above equation is developed mainly for the purpose 
of relating it to experimental results, one may neglect these second- 


order terms. 
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Figure 39 shows how the direct wave, reflected wave and 
surface wave are propagated in a two medium space of air and earth. 
Both antennas are considered as having vertically polarized electric 


fields. 


For the ground with loss, the intrinsic impedance and the 


propagation constant are, respectively, 


cs \/ Jwy 
NG 7 %q = JWeg ee 


and 


2 P 
g YY veg - Juv ag (A.3) 


and 


For all practial purposes the ground is non-magnetic and so, 


Tecate age (A.6) 


Figure 40 shows the vertically polarized E-field at the 
ground level, as it is transmitted into the ground and reflected back 


into space. It is possible to show for this case, that the ground re- 


flection coefficient, R , is given by 
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, é : 2 
(e,-JX)sine, - V(e.-JX)-cos F 


Se i (A.7b) 


(e.-dX)sine, + \(e,.-5x)-cos2e. 


€ 
reg. 
er Eo (A.8) 
oO 
gee es (A.9) 
WE . 


Referring to Figure 39, when hy v ho<<s ; 


sin 0, = 6, (A.10) 


cose, = ] (A.11) 


This assumption proves to be accurate for the final result within 


one percent. 


By defining, 


\ (e,-1 ) = 5x 


Z = aes) ce (A.12) 


and using the above approximations, equation (A.7b) can be written as 
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E.C. Jordan and K.G. Balmain [21] state the surface wave 


attenuation function as 


=1-jvnw e” erfe (jv ) (A.14) 


for a vertical polarized E-field, where 


- jk rs u*(1 ~ uc cos“é. ) sine. , 
w = —S 4, —____ [1+ 1 ] : 
ult-u*cos‘e, 
(A.15) 
doe | 
ie oe Xx (A. 16) 
and 

(A.17) 


: 2 
erfc (jv¥w,.) ==—— Jo 
Vr 
: jit 


Using the previous approximations, equation (A.15) yields 


-j k, Yo uc 
aes aan (A.18) 


The error function, equation (A.17), can be expressed by 


its asymptotic expansion, 
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: fy galinae le 1+3+5 
Vt xX 2x2 (2x 


erfc(x)ss 
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For the range of the experimental comparison planned, the 
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third and higher order terms of the expansion may be neglected. 
Including these terms affects the final expressions for the power 
transfer by an amount smaller than the experimental errors inherent 


in such a comparison. 


Equation (A.14) thus becomes, using equation (A.18) and 


(A.19), 
F--j——;_~—S.. (A.20) 
CT ro u 
ee Pree, 
Or, when Eq ane, TUNG So eth we 7 » and so 
“4 . d 
Fe -j A$ A (A.21) 
oT wy ne 


Referring to Figure 39, tne phase difference resulting from 
the inequality of the propagation paths is defined as 
A =k (r, - ry) : (A.22) 


For the purpose of this report, only the signal transmission from an 
antenna directly at ground level has to be considered, which will 


result in 


ee 8 (A.23) 


and consequently, 
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Equation (A.1) may now be rewritten with the aid of 


equations (A.13), (A.20) and (A.24) as 


24) 


r 
26 . 3 
mee 1 LoL. oe A 
= Al 6. + 7 an ot Z Pes Dar 7° | ; (A.25) 
2 

But, for the range of the experimental values, 

0, << Z (A.26) 
and 

ro = 5 (A.27) 


Thus, with the introduction of the minimum effective antenna height 


as 


ae 2 
ho ~~  OnZ “ (A.28) 
equation (A.25) will change to 
= fF 40 ea? 
E. = EG 7 [h., he - j ho Avan (A.29) 
Use has been made of the fact that when h 3 ho<<s 
h,+h h 
er PTS eae: 
apeen “e <r (A. 30) 
when hy = 0 
It is now possible to calculate the received power at 
antenna (2), the receiving antenna, in terms of the power delivered to 
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antenna (1), the transmitting antenna. 


The power density in watts per unit area created by 
antenna (1) at the position of antenna (2) is obtained from Poynting's 


Theorem as 


Pte CC (A.31) 


where the intrinsic impedance of free space is 


Mes 0. te (A.32) 


Therefore, 
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Pp =e = ay = ps — (A. 33) 
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where P. is the power density that would be produced by the antenna 


if it were situated in free space, carrying the same current as in 


the actual location. 


Now the free-space gain of an antenna may be defined as [26] 


g = Ain Sp) (A.34) 


where ert is the radiated power from the antenna, and p_ is the 
power density produced by the antenna at some specified location, a 


distance s from the antenna. Thus, 


(A.35) 
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and gy is the gain of antenna (1) in the direction of the receiving 


antenna (2). P is the power radiated from antenna (1) assuming 


rl 
it is located in free space, and s_ is the distance between the 


transmitting and receiving antennas. 


This radiated power is given in terms of the rms antenna 


terminal current as 


(A.36) 


where R is the radiation resistance of the transmitting antenna 


11 
(1) in free space, referred to the antenna terminals. Also, if Hy 
is the power delivered to the antenna (1) in its actual location near 


the ground, 


in Men AN nit eet ie (A. 37) 


where Ray represents the radiation resistance of antenna (1) in 
the presence of the ground, referred to the antenna terminals, and 
Prase 1 is the summation of conductor and ground losses in antenna (1), 
referred to the antenna terminals. 


Hence, using equations (A.36) and (A.37), 
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rd ee ee 
rl tx Ray loss 1 


(A. 38) 


which may be substituted into equation (A.33) with the aid of equation 
(A.35), to give 
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where ny is the actual radiation efficiency of antenna (1) and 
is defined as 
R 
Al. 
na = ; (A. 40) 
| Ray : Ross ] 


Finally, the received power at antenna (2) may be expressed 


in terms of P, as indicated in Figure 41. 


The equivalent generator represents the open voltage induced 
across the terminals a- b of the receiving antenna by the incident 
electric field. The impedance Re is the sum of the radiation 
resistance of antenna (2) in the presence of the ground, that is 
Rao ,» and the conductor and ground loss resistances referred to 


the terminals, so that, 


R 


ele ors (A.41) 
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The power received by a matched-receiving system is given 
by 
~ 12 
Voc! 


in 


(A. 42) 


Multiplying and dividing by Po from equation (A.31) will result in 


] 
— ‘ (A. 43) 
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However, 


Oe 
| 


(Vl = c IE (A. 44) 


where C is a constant that depends on the type and orientation of 


the antenna. Thus, 
1 oo: (A. 45) 


Li Roo represents the radiation resistance of antenna (2) in free 
space, referred to the antenna terminals, it can be shown [26], that 


the quantity, 


Dee pee ake : (A. 46) 


In this case Jo is the free space gain of antenna (2) in the 


direction of antenna (1). Hence, equation (A.45) becomes 
2 


NEE oy 
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Defining the receiving efficiency of antenna (2) as 


R 
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equation (A.47) may be written as 
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Finally, the use of equation (A.39) permits the expression of the 


power transfer between the two antennas in the form 


ac 
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Thus, from equation (A.29), 
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